Cl-/HCO-exchange is present in all three cell types of the rabbit cortical collecting tubule, yet may mediate a different function in each cell type. The purpose of this study was to characterize further the location, function, and regulation of Cl-/HCO3 exchange in two cell types using measurements of intracellular pH (pHi). In the principal cell there was no evidence for apical Cl-/HCOQ exchange, including no change in pH, with increases in luminal HCO3. The principal cell possesses a basolateral Cl-/HCO-exchanger that is inactive normally but stimulated by intracellular alkalosis. Decreased Pco2 results in increased pHi associated with activation of Cl-/ HCO3 exchange and partial recovery of pHi.
Introduction
Intracellular pH (pHi)' homeostasis is an integral function of most, ifnot all, cells (1) . Specialized transporters exist for recovery from intracellular acidosis (Na+/H+ exchange [1] [2] [3] and Na+-dependent Cl-/ HCO; exchange [1] ) and from intracellular alkalosis (Na+-independent Cl-/HCO-exchange (4, 5) and Na+(HCO;)nI cotransport [6] ). These transporters are also involved in functions other than pHi regulation. Examples include growth factor signal transduction (2, 3) , cell volume regulation (7) , and transepithelial solute flux (8) (9) (10) .
The diversity offunction for acid-base transporters is apparent in adjacent cell types in the rabbit cortical collecting tubule (CCT). The CCT is a heterogeneous tissue, composed ofat least three cell types, principal cells and at least two types ofintercalated cells (1 1-14) . Each of these cells has a Na'-independent Cl-/HCO-exchanger (15) . Yet the role of this exchanger(s) may be different in each of these cells. The intercalated cells appear to mediate transepithelial HCO3 flux (16, 17) via H+-ATPases (18) and Cl-/HCO; exchangers located on opposite plasma membranes (13) (14) (15) 19) . The principal cell also appears to possess a CP-/HCO-exchanger located on the basolateral membrane; however, this exchanger appears to be relatively inactive under baseline conditions (15) . The factors that regulate the different Cl-/HCOQ exchangers have not been defined.
Regulation of #-intercalated cell apical Cl-/HCO3 exchange has been indirectly studied using measurements of Clself-exchange and HCO3 secretion (20) . Studies of Cl-self-exchange take advantage of the observation that Cl-self-exchange is an alternate mode of C1-/HCOQ exchangers and in the 3-intercalated cell is 10-15 times that of Cl-/HCO3 exchange (21) (22) (23) . However, these transepithelial flux methods do not directly address the rate of the apical Cl-/HCO3 exchanger.
Therefore these studies examine the acute regulation of Cl-/HCO; exchange in the rabbit CCT using measurement of pHi. Principal cell and f-intercalated cell pHi were separately measured in the in vitro microperfused CCT using the fluorescent, pH-sensitive dye 2',7'-bis-(2-carboxyethyl)-5(and-6)carboxyfluorescein (BCECF) (15, 24) to follow acute changes in HCO; flux across plasma membranes.
Methods
Microperfusion. Cortical collecting tubules were perfused using standard techniques (25) as previously described (15, 26) , with the following exceptions. In most experiments a low volume, laminar flow perfusion chamber was used. The peritubular bathing solution was exchanged at a rate of -10 ml/min, resulting in a complete change of peritubular solution in -3 s. Acid loading studies, however, were performed as previously described (15) in a l-ml perfusion chamber. In these studies the peritubular fluid was exchanged at -3 ml/min. Solution 1 was the initial peritubular and luminal solution except where specifically noted.
Solutions. Table I shows the components of the various solutions. 
Results
Principal cell basolateral Cl/HCOI exchange. The first set of experiments examined the hypothesis that intracellular alkalosis stimulates principal cell CF-/HCO-exchange. A representative experiment of the effect of an acute decrease in Pco2 is shown in Fig. 1 . The acute decrease in Pco2 resulted in a rapid intracellular alkalinization. (The increase in pHi with a decrease in Pco2 is less than expected ifCOJHCO7 were the only buffer system active. This difference is probably due to the intrinsic [nonbicarbonate/CO2] buffer capacity of the cell.) After the peak alkalinization, pHi declined 0.07±0.02 pH U in the first 5 min (P < 0.001 vs. 0.00, n = 12). Removal of peritubular Cl-(change to solution 2, bubbled with 2% CO2) resulted in a reversal of the recovery and, in fact, a net alkalinization of 0.06±0.02 pH U after 5 min (P < 0.005 vs. in the presence of peritubular Cl-by paired t test, n = 6). This is in marked contrast to our previous study where the acute removal of peritubular Cl-from solutions bubbled with 5% CO2 (pH 7.4) resulted in no change in principal cell pHi ( 15) . One potential explanation is that this study used a laminar flow perfusion chamber, which enables the peritubular solutions to be changed much faster. The effect ofacute peritubular Cl-removal in the absence of a decrease in Pco2 was therefore studied using the laminar flow chamber. Consistent with our previous findings, peritubular Cl-removal 
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Principal cell pHi then 6.90 begins to recover to- Besides Cl-/HCO; exchange, other possible mechanisms of principal cell basolateral HCO; transport, particularly Na+(HCO;)n,, cotransport, were investigated. For these experiments we measured the Na+-dependence of the pHi change in response to an acute decrease in peritubular HCO-to 5 mM.
Measurement of pHi change was performed in a paired manner in each tubule and the sequence, in the presence versus in the absence of peritubular Na+, was randomized. In the presence of Na+ (change to solution 4), pHi decreased 0.30±0.02 pH U after 5 min. In the absence of peritubular Na+ (peritubular solution changed first to a Na+-free, 25 mM HCO-solution, solution 9, until pHi stabilized, and then to a 0 Na+, 5 mM HCO; solution, 5), the change in pHi was decreased by 30±9% to 0.21±0.03 pH U (P < 0.05 by paired t test vs. in the presence of Na+, n = 5). These results suggest the presence of a basolateral, Na+-linked acid-base transport mechanism. We next examined whether this was an electrogenic transport mechanism. The peritubular solution was first changed to a 50 Na+, 5 K+ solution (solution 6) for 5 min. This was done to allow subsequent changes in peritubular K+ to be performed while keeping peritubular Na+ constant. Principal cells were then acutely depolarized by increasing peritubular K+ to -100 mM (solution 7). This resulted in a reversible increase in pHi measuring 0.1 1±0.03 pH U after 5 min (P < 0.025, n = 5). The principal cell appears to have a basolateral, Na+-linked, electrogenic transporter, most likely Na+(HCO;),,> cotransport.
Principal cell apical CV/HCQ3 exchange. A recent study has suggested the presence of apical principal cell CP-/HCO3 13 -intercalated cell pHi increased rapidly (A = 0.18±0.04 pH U after 5 min, P < 0.05, n = 4), peaked at 0.30±0.04 pH U above baseline after 20 min (P < 0.005, n = 4), and returned to baseline with return ofluminal HCO; to 25 mM. This is consistent with HCO; entry via the apical Cl-/HCO-exchanger.
The next series of studies addressed the role of apical Cl-/ HCO-exchange in 13-intercalated cell pHi regulation. A typical experiment is shown in Fig. 3 . Similar to the principal cell, an acute decrease in Pco2 resulted in acute alkalinization of the cell. However, despite the presence ofCl-in both the peritubular and apical solutions, there was no significant recovery of pHi towards baseline after 5 min (A = 0.01±0.01 pH U, n = 8, P = NS). In three tubules, pHi was followed for as much as 30 min without any significant recovery of pH, (data not shown). The Table II, peritubular Na' is the major determinant of fl-intercalated cell pHi recovery (via Na+/H' exchange [15] ). The presence or absence of luminal HCO; had no independent effect on pHi recovery.
fl-intercalated cell apical Cl-/HCO; exchange does not appear to participate in the response to acute intracellular acidosis.
Discussion
The effect of an acute increase in peritubular HCO3 was then studied. As shown in Fig. 4 , acutely increasing peritubular HCO; from 25 to 50 mM (change peritubular solution from 1 to 3) resulted in intracellular alkalinization. After 5 min the average alkalinization was 0.10±0.03 pH U (P < 0.025, n = 6) and the mean maximal alkalinization was 0.15±0.04 pH U at 10 min (P < 0.01, n = 6). Normalizing peritubular HCO3 (change to solution 1) resulted in a return of pHi to baseline. We next studied the ClF-dependence of the mechanism by which an increase in peritubular HCOj effects f-intercalated cell pHi. Cl-was removed from both peritubular and luminal solutions in order to inhibit apical Cl-/HCO; exchange. A representative experiment is shown in Fig. 5 . As previously shown, the removal of luminal Cl-(change to solution 2) results in rapid alkalinization of the fl-intercalated cell (15) . Subsequent removal of peritubular Cl-(change to solution 2) results in no acute change in fl-intercalated cell pHi. However, there occasionally was a slow fall in pHi. A subsequent increase in peritubular HCO from 25 to 50 mEq/liter, still in the absence ofCl-(change to solution 11), had no effect on pHi. After 30 min the peritubular HCO; was then changed back to 25 mEq/liter (change back to solution 2). Again, there was no significant change in pHi due to the change in peritubular HCOj. These results suggest that peritubular HCO; alters fl-intercalated cell pHi via a Cl--dependent mechanism. The f-intercalated cell apical Cl-/HCO; exchanger can transport HCO; either from cell-to-lumen or lumen-to-cell, depending on the HCO and Cl-gradients across the apical membrane (15) . In addition, Cl-/HCO; exchange in most, but not all, cells is inhibited by decreases in pHi (5) . To this extent, an acute decrease in the rate ofCI-/HCO; exchange as a result of acute intracellular acidosis might serve to effectively "load" a cell with HCOQ and increase the rate of recovery. Studies were therefore performed to determine if a decrease in the rate of turnover (normally HCOj exit, Cl- (15) . P = NS by both paired t test and by ANOVA (using unpaired data) versus in the presence of luminal HCO-3. § P < 0.001 by either paired t test or by ANOVA versus in the presence of peritubular Na'.
appear to inhibit ,6-intercalated cell apical Cl-/HCO-exchange (22, 30) . Nor do monoclonal antibodies to band 3 protein, the mammalian red blood cell anion exchanger, label the apical membrane of the ,8-intercalated cell (13, 14) . This exchanger therefore appears to be distinct from the Cl-/HCO-exchanger in many other cell types and, in view ofthe loss ofpHi sensitivity, appears to be suited to mediate transcellular HCO-flux.
The lack ofacute effect ofpHi on Cl-/HCO-exchange may help explain several previous observations. Acute decreases in peritubular PCo2 may not alter CCT HCO-flux (31) . This may be because acute respiratory alkalosis does not stimulate ,8-intercalated cell apical Cl-/HCO-exchange. In vitro variations in Cl-and HCOQ gradients are known to alter CCT HCOQ secretion (8, 31, 32 ). Yet, chronic in vivo metabolic acidosis appears to decrease CCT HCOQ secretion in both normal (33) and DOCA-treated rabbits (32) . Increases in peritubular Pco2 alter CCT HCO3 transport via Ca 2, calmodulin and microtubule-dependent mechanisms (34) . Also, chronic in vitro acidosis causes both a decrease in the size of (3-intercalated cell apical peanut lectin cap and a decrease in the pHi change in response to Cl-removal (35) . The most likely mechanism for chronic regulation of HCO-secretion appears to be insertion and removal of Cl-/HCOQ exchangers from the apical membrane of the 1.-intercalated cell. This may be species specific, since in the rat increases in Pco2 induce morphologic changes in only the a-intercalated cell and do not affect /.-intercalated cell morphology (36) . Together, these observations suggest that the apical Cl-/HCO; exchanger is regulated by insertion and removal of the transport protein and by lumen and cell Cl-and HCO3
concentrations, but may not be allosterically regulated by pHi.
Principal cell basolateral Cl-/HCO; exchange regulation appears to be very different from the ,.-intercalated cell. Increases in pHi in response to either an acute increase in peritubular HCO-or a decrease in Pco2 stimulate principal cell Cl-f HCO; exchange. Furthermore, this exchange is relatively inactive at baseline pHi, while the ,B-intercalated cell apical Cl-/HCO; exchanger is active under baseline conditions (20) . The principal cell C1-/HCO; exchanger appears to be specialized for pHi regulation, specifically for recovery from intracellular alkalosis.
These studies also reveal differences in the mechanism by which an increase in peritubular HCO-affects principal cell and 1.-intercalated cell pHi. Our data and that of Wang and Kurtz (37) suggest that the principal cell has a Na'-dependent, electrogenic base exit mechanism, most likely Na+(HCO-)n,, cotransport. This transporter is a major mechanism of HCO3 reabsorption in the proximal tubule (9, 38) and has been recognized in a wide variety of mammalian cells to mediate net cellular HCO-extrusion (6, 39, 40 (15) . These results, however, are consistent with the possibility of a basolateral Na+-independent Cl-/HCO-exchanger in the ,B-intercalated cell. The absence ofan effect ofbasolateral Cl-removal (in the absence ofluminal Cl-) lessens this possibility. Another possibility is that increases in peritubular pH stimulate basolateral H+ extrusion (e.g., H+-ATPase) and that C1-depletion inhibits this process; this would also explain the slow fall in pHi with removal of all Cl-(see Fig. 5 
